[1] Using the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) procedure, a particular period (2000-2350 UT on 9 November) in the November 2004 storm is studied. During this time interval, IMF B z was strongly northward along with a high solar wind dynamic pressure, favorable conditions to form reversed convection in the polar region. Indeed, the AMIE outputs show strong reversed convection cells in both hemispheres for a long period (>1 h), which have rarely been observed. The impact on the thermospheric neutral wind has been investigated using the AMIE outputs as the electrodynamic inputs of the National Center for Atmospheric Research Thermosphere Ionosphere Electrodynamics General Circulation Model. After the ionospheric convection reversed, the neutral wind distribution at 400 km altitude changed correspondingly, and the difference wind patterns reversed in the polar cap region. By comparing the temporal variations of the difference ion convection and the difference neutral wind, it is found that horizontal neutral winds respond to the reversed convection with some time delay. The neutral wind response time (e-folding time) clearly has an altitudinal dependence varying from 45 min at 400 km altitude to almost 1.5 h at 200 km. The vertical component vorticity has a similar magnitude and distribution to previous studies in the northward B z condition and changes the sign when the convection pattern is reversed. Comparison between the CHAMP observed cross-track wind and the simulated neutral wind exhibits a general agreement, and the temporal variations of CHAMP cross-track wind indicate a strong effect of the ion drag force on neutral winds.
Introduction
[2] At high latitudes, neutral winds follow the nearly divergence-free ion convection pattern due to the ion drag force [Rishbeth, 1977; Mayr and Harris, 1978; Roble et al., 1982; Thayer and Killeen, 1991] . Many studies have been conducted to investigate the ion-neutral momentum coupling observationally [Killeen et al., 1985; Thayer et al., 1987; McCormac et al., 1987; Meriwether and Shih, 1987; Mikkelsen et al., 1981; Aruliah et al., 1991; Niciejewski et al., 1992; Richmond et al., 2003] and theoretically [Killeen and Roble, 1984; Fuller-Rowell, 1984 , 1985 Rees et al., 1986; Kwak et al., 2007] .
[3] Ionospheric convection strongly depends on the direction and strength of the interplanetary magnetic field (IMF) [Heelis, 1984; Heppner and Maynard, 1987; Weimer, 2001] , hence the neutral winds also have a strong dependence on the IMF [Killeen et al., 1985 [Killeen et al., , 1995 McCormac et al., 1991; Rees et al., 1986; Richmond et al., 2003; Kwak et al., 2007] because of the significance of ion drag force on neutral momentum. For periods with southward IMF B z , the convection configuration at high latitudes consists of a wellorganized two-cell pattern with antisunward flow over the polar cap and sunward flow in the lower latitudes, and the neutral winds tend to mimic the ion convection pattern [Killeen and Roble, 1988] . When B z is northward, the convection patterns are more complex with a general feature of sunward ion flow in the central polar cap [Burke et al., 1979] , which is reversed from the configuration for southward B z conditions. If the duration of the northward B z is comparable to the time constant (few hours) for ion-neutral momentum exchange, sunward neutral winds can also be established and maintained by ion drag forcing [Killeen et al., 1985; McCormac et al., 1991; Heelis et al., 2002] .
[4] While the effect of the ion drag on the neutral wind has been investigated in previous studies, many detailed characteristics of the ion-neutral coupling are still unknown. In particular, the temporal variation of neutral wind and the altitudinal profile of the neutral wind responding time after the ion convection is reversed have not been examined quantitatively. To study the response of neutral dynamics to the strong variation of ionospheric convection, AMIE procedure has been used for a period on 9 November 2004, when IMF B z changed from southward to strongly northward along with a large solar wind pressure. The AMIE outputs show that ionospheric convection is reversed for more than 1 h in both hemispheres. Using the AMIE outputs as the inputs of the TIEGCM [Crowley et al., 1989; Lu et al., 1995a] , we investigate the impact of the reversed convection on neutral winds, including the temporal variation of the ion-neutral coupling and its altitudinal dependence. Neutral wind vorticity changes are also examined and compared with previous works. Finally, we compare the TIEGCM simulation with the CHAMP observed cross-track wind to validate the simulated neutral wind response to the reversed ionospheric convection.
Model Description

AMIE
[5] AMIE is a procedure to derive the realistic, timedependent, large-scale distribution of electromagnetic fields over the entire polar ionosphere by the synthesis of a variety of observations . It is a form of optimally constrained, weighted least-squares fit to all relevant data [Richmond, 1992] . Applications of this procedure for different geophysical conditions have been shown by , Knipp et al. [1989] , Emery et al. [1990] , Lu et al. [1995a Lu et al. [ , 1995b , Ridley et al. [1998] , Lu et al. [2002] , and Ridley and Kihn [2004] . For the particular storm event studied in this work, data from DMSP, NOAA and TIMED satellites, SuperDARN radar and more than 180 magnetometers have been assimilated. The spatial resolution of AMIE outputs is close to 1.7°in magnetic latitude by 10°in magnetic longitude, and the temporal cadence is 5 min. Figure 1 shows the distribution of magnetometers in both hemispheres, which is not uniform and has a much better data coverage in the Northern Hemisphere than in the Southern Hemisphere. Hence the convection patterns are more reliable in the Northern Hemisphere than those in the Southern Hemisphere.
TIEGCM
[6] The thermosphere general circulation model (TGCM) [Dickinson et al., 1981 [Dickinson et al., , 1984 was first developed at the National Center for Atmospheric Research (NCAR) in the early 1980s. It calculates the properties of the upper atmosphere, such as the temperature, composition and wind velocity. The Thermosphere Ionosphere GCM (TIGCM) includes a self-consistent ionosphere, and the Thermosphere Ionosphere Electrodynamics GCM (TIEGCM) [Richmond, 1992] . The numeric grid size of the model is 5°Â 5°horizontally and 1/2 scale height vertically, and the vertical coordinate has 29 constant pressure levels from approximately 97 km $ 700 km altitude. A 2-min time step is used for this simulation. At the lower boundary (97 km), the model is forced by tidal perturbations based on the GSWM model [Hagan et al., 1999] . Below 60°m agnetic latitude the electric field is calculated by solving the electrodynamic equations, and above 60°latitude the electric potential pattern and particle precipitation are derived from AMIE in this study.
Results
Solar and Geomagnetic Conditions
[7] The November 2004 storm event was a super storm with three periods of strongly south IMF B z (2215 UT on 7 November to 1140 UT on 8 November, 1835 -2015 UT on 9 November and 0215 -1600 UT on 10 November), which caused substantial geomagnetic disturbances. As shown in Figure 2a , the solar wind speed increased from 350 km/s to 700 km/s during 0940 -1910 UT on 7 November, the dynamic pressure was also high during the active times, and the IMF B y changed significantly as well. Although a lot of attention has been paid to these active periods [Huang et al., 2005; Maruyama, 2006; Paznukhov et al., 2007] , what mostly interests us is the strongly northward B z period (2000-2400 UT, 9 November 2004), when B z was larger than 20 nT for most of the time, the solar wind speed was close to 800 km/s and the dynamic pressure varied between 5 to 35 nPa. The strongly northward IMF accompanying a high solar wind pressure prompts magnetic reconnection to take place at the high-latitude magnetopause [Song et al., 1990; Crooker, 1992] , which in turn drives a complex convection pattern in the ionosphere with sunward flow in the polar cap region. The daily solar radiation index F 10.7 on 9 November 2004 was 124 Â 10 À22 W/m 2 Hz.
Ion Convection and Neutral Wind Variations
[8] Figures 3a and 3b show the convection patterns from AMIE in the Northern and Southern Hemispheres during 2100 -2330 UT on 9 November. Before discussing the detailed relationship between the IMF conditions measured by the ACE satellite and Polar Cap Potential (PCP) derived from AMIE, a proper time delay between them should be taken into account for solar wind propagation from upstream to the Earth [Ridley et al., 1998 ]. On the basis of the lagged cross-correlation analysis between the ACE IMF measurements and the AMIE CPCP, it is found that a 50-min time delay yields the best correlation coefficient. This 50-min time delay has been applied in the expanded plot of the ACE data shown in Figure 2b .
[9] At 2100 UT in the ionosphere, when the corresponding IMF B z condition was À20 nT, the electric potential pattern displayed the two-cell configuration with a positive potential cell on the dawnside and a negative potential cell on the duskside, as shown in the plots for 2100 UT in Figure 3 . From 2130 to 2230 UT when B z became strongly northward, the electric potential pattern reversed in both hemispheres, with a negative potential cell on the dawnside and a positive potential cell on the duskside. Reversed convection in one of the hemispheres, either the northern or the southern polar cap ionosphere, has been reported to exist for many hours (up to 5 h) during stable northward IMF, but reversed convection in both hemispheres for more than 1 h has rarely been observed. This is owing to the fact that the magnetosphere has to be under a very special configuration [Crooker, 1992] and the magnetospheric driver to the ionosphere is very unique.
[10] The duration of the reversed convection (>1 h) is comparable to the ion-neutral coupling time constant in the F region [Killeen and Roble, 1984] ; therefore, the influence on the neutral dynamics through changing the ion drag force can be substantial. Using the AMIE outputs to drive the TIEGCM, the impact of the reversed convection on the thermosphere is examined. Since the data coverage was much better in the Northern Hemisphere than in the Southern Hemisphere during this event, we concentrate on the Northern Hemisphere simulations in this study unless specifically noted. In order to eliminate the impact of solar EUV-induced pressure gradients on the neutral wind and to emphasize the wind variations caused by geomagnetic activities, a background condition was subtracted from the simulation results. The interval of 2000 -2400 UT on 8 November 2004 was chosen to represent the background situation, when the solar wind and IMF were relatively steady. The interval of 2000 -2400 UT on 8 November 2004 was chosen to represent the background situation, when the solar wind and IMF were relatively steady. While it is still in the recovery phase of the major storm originated on 7 November the background neutral wind during this interval (2000 -2400 UT, 8 November 2004) appears to be relatively stable. This recovery phase background condition therefore should not affect the temporal variation of the difference fields, which is the main interest of this study, although it does affect the absolute value of the difference neutral wind. Figure 4a shows the difference E Â B drift and the difference neutral wind with respect to the background condition in the Northern Hemisphere at 2000 UT on 9 November, when B z was strongly southward (B z ' À20 nT). Figure 4b shows those at 2230 UT on 9 November, when B z became strongly northward (B z ' 30 nT). The difference E Â B drift in the polar cap region changed from antisunward-duskward to sunward-duskward direction with reduced magnitude. While the change in neutral wind is subject to the variation of both ion drag force and Joule heating induced pressure gradients [Sakanoi et al., 2002] , the coupling between the neutral wind and E Â B drift is rather evident. For example, the difference neutral wind on the duskside above 75°latitude also changes its orientation from poleward-eastward to equatorward-westward where the E Â B drift rotates from eastward to equatorward.
[11] To study the temporal variation of the difference E Â B drift and neutral wind, the average meridional component has been calculated over the region of 75-90°latitude, 1200-1800 LT (which is marked in red in Figure 4b ) where the neutral wind response appears to be most noticeable. As shown in Figure 5 , the meridional E Â B drift turns from poleward to equatorward around 2110 UT, driven by the IMF orientation change from southward to northward. There was also a directional change in the meridional difference neutral wind but with some time delay compared to the difference E Â B drift variation, and the neutral wind response time is altitude-dependent and longer at lower altitudes than at higher altitudes.
[12] Many studies have been conducted about the ionneutral momentum coupling in the high-latitude F region [Killeen and Roble, 1984; Ponthieu et al., 1988; McCormac et al., 1991; Kosch et al., 2001; Heelis et al., 2002] and it has been shown that the ion drag time constant has a strong seasonal and IMF dependence. One variable used frequently in these studies is the ion-neutral coupling time constant, or the e-folding time t in [Baron and Wand, 1983; Killeen and Roble, 1984] , which is defined as [Kosch et al., 2001] 
[13] In the polar cap region, the pressure gradient and ion drag force are dominant, and the momentum equation is
where V n is neutral wind, V i is ion drift, n i is ion number density, n n is neutral number density, n in is ion-neutral collision frequency, r n is neutral mass density and P n is neutral pressure. From equations (1) and (2), the e-folding time t in is
where F p = À rP n r n 1 V i ÀV n , representing the contribution of the pressure gradient to the e-folding time. Strictly speaking, Coriolis and viscous forces should also be included in the analysis. The Coriolis force is perpendicular to the flow and in the perpendicular direction the gradient force is usually balanced by the Coriolis and centrifugal forces. However, in the meridional direction, which is close to the neutral wind flow direction in the polar region in this study, the pressure gradient, Coriolis, and centrifugal forces do not necessarily balance among themselves under dynamical conditions. The e-folding time from equation (3) shows how fast the combination of ion drag force and pressure gradient changes the meridional wind. To investigate the influence of other forces however will be an interesting study in the future. When assuming that the ion drag force is the dominant term and ignoring the F p term in equation (3), the e-folding time can be expressed as
[14] This expression is widely used to characterize the ionneutral momentum coupling, but it is only true when pressure gradient and other forcing are negligible [McCormac et al., 1991] . In this study, we consider only the meridional component wind and pressure gradient, since they are dominant over the investigated region. Figure 4 . In Figure 5b , the dashed line marks the time when the E Â B drift reversed, and the solid line shows the calculated e-folding time (t in ) using equation (3), which is plotted out referring to the dashed line. Figure 6 . Altitudinal profiles of the e-folding time when calculated without (black) and with (red) pressure gradient term and also the contribution of the pressure gradient (black dashed line), 1/F p , to the e-folding time. The relationship between e-folding time and 1/F p is described in equation (3).
[15] In Figure 5b , the solid line shows the e-folding time, t in , calculated from equation (3), which is plotted with respect to the dashed line that marks the time when the meridional component of E Â B drift is reversed. The estimated e-folding time is thus close to the neutral wind response time when the difference neutral winds reach À60 m/s following the reversed convection. t in changes from 45 min above 400 km to about 1.4 h below 250 km, and the altitudinal variation is very similar to the altitude profile of the neutral wind response time. Below about 150 km, because of the importance of advection, Coriolis and other forcing terms, t in becomes significantly different from the neutral wind response time. The consistency between the e-folding time and the neutral wind response time indicates the validity of using the e-folding time from equation (3) to describe the ion-neutral momentum coupling. Our calculated e-folding time is comparable with previous results of 0.5-3.5 h at the F region altitude from both satellite and ground base observations [Killeen et al., 1985; Kosch et al., 2001; Heelis et al., 2002] .
[16] To illustrate the importance of the pressure gradient to the e-folding time, we compared the calculated e-folding times with and without the pressure gradient term using equations (2) and (3), respectively. As shown in Figure 6 , the e-folding time calculated without the pressure gradient term (F p ) is 30 to 90 min longer than that with F p , and 1 F p increases monotonically from $1 h at 400 km to $3 h at 200 km, which indicates that the pressure gradient force is opposite to the ion drag force in the meridional direction in the large scale. The effect of pressure gradient force depends on the scale size relative to the Rossby radius [Larsen and Mikkelsen, 1983; Walterscheid and Boucher, 1984] . The resolution of this simulation is 5°Â 5°, which is close to 500 km and comparable to the Rossby scale. Therefore, the motion resolved in this simulation has a larger scale than the Rossby radius, and the neutral wind thus adjusts to balance the pressure gradient. For flows over the polar cap region above 20°in colatitude, it takes hours to reach a balance among the pressure gradient, Coriolis and centrifugal forces. During the time interval (1 h after the reversal) investigated here, a geostrophic balance has not yet been reached. The pressure gradient effect is also altitude-dependent. Above 380 km altitude, t in calculated without F p increases with altitude, since n n n i n in has an inverse relationship with electron density [Baron and Wand, 1983] and electron density decreases with altitude above F 2 peak. This altitudinal gradient, however, is not present in the t in calculated with F p , because 1 F p decreases with altitude. The difference between the black and red lines in Figure 6 shows that the impact of the pressure gradient on the e-folding time is significant, while the quantitative effect due to F p depends on geomagnetic conditions as well as geographical locations. For example, on the duskside and dawnside, where the pressure gradient has an opposite direction to the ion drag force, including the pressure gradient term will prolong the e-folding time instead of shorten it. Since the pressure gradient force is comparable with the ion drag force in the polar region, the effect of the pressure gradient term on the e-folding time should not be neglected as demonstrated in this study.
Neutral Wind Vorticity
[17] When the ion convection pattern is reversed, the vortex structure of neutral wind can change significantly because of the variation of the divergence-free ion drag force [Killeen and Roble, 1988; Rishbeth and Hanson, 1974] . The vertical component of the vorticity of the neutral wind field from the TIEGCM simulations has been analyzed here to compare with previous studies [Roble et al., 1982; Larsen et al., 1989; Thayer and Killeen, 1991] .
[18] The vertical component vorticity (z =k Á r ÂṼ ) is calculated on the basis of the horizontal wind gradients, with positive (negative) values for cyclonic (anticyclonic) rotation. As shown in Figure 7a , for the background case, when B z = À4.6 nT, the vorticity was positive on the dawnside and negative on the dusk with a maximum magnitude close to 8 Â 10 À4 s À1 . The distribution and magnitude are similar to the DE-2 observations in the Northern (winter) Hemisphere for active (3 Kp 6) geomagnetic conditions . The values on the dawnside are also consistent with the localized observation reported by Larsen et al. [1989] . At 2230 UT, when B z turned strongly northward and the polar convection pattern was reversed, Figure 7b shows a negative vorticity region forming in the polar cap and a positive vorticity region at dusk, opposite to those under the southward B z condition above $70°latitude shown in Figure 7a .
Comparison With CHAMP
[19] Challenging Minisatellite Payload (CHAMP) is a German satellite, which was launched in July 2000 with a near-polar circular orbit at $400 km. While the primary goal of this mission is to study the gravity and magnetic field of the Earth, it is also applicable to upper atmospheric studies [Reigber et al., 2000; Sutton et al., 2005] . The total mass density and cross-track winds can be estimated from the data of the STAR accelerometer using the satellite drag equation [Sutton et al., 2005; Lühr et al., 2007] .
[20] Figure 8a shows the comparison between the CHAMP cross-track wind observation (red) and the neutral winds from the TIEGCM simulations which have been projected to the cross-track direction (black). While the CHAMP wind measurements are only accurate to about 60-100 m/s because of errors of various sources [Sutton et al., 2005] , there is a reasonable agreement between the observations and simulations in terms of temporal variations. Figures 8b and 8c show the CHAMP cross-track wind from two consecutive passes over the southern polar region, which are overplotted on the neutral wind distributions from the TIEGCM simulations. In Figure 8b , the CHAMP crosstrack wind has an antisunward component on the nightside and a sunward component on the dayside during 2057 -2117 UT, when the corresponding B z was southward after considering the 50 min delay of ionospheric response to the ACE IMF measurements. The simulated wind is also antisunward on the nightside and sunward on the dayside along the satellite track, which is consistent with the highlatitude thermospheric wind pattern from CHAMP crosstrack measurements reported by Förster et al. [2008] . Figure 8c shows the CHAMP cross-track wind from 2229 UT to 2249 UT and the TIEGCM simulated pattern at 2240 UT, when B z became strongly northward. The simulation shows a reduced neutral winds on the duskside compared to that in Figure 8b . Figure 8d shows the difference cross-track wind between the two adjacent CHAMP passes, which is sunward at the polar cap (from À70°up to the pole on dawnside), and antisunward at lower latitudes. The TIEGCM difference field projected to the satellite cross-track direction also has a sunward component in the evening sector (between À70°and À87.5°), but is primarily along the track in steady of cross-track elsewhere. The overall configuration of the wind variation is consistent with the difference convection pattern shown in Figure 8e , indicating significant influence of the ion drag forcing on the neutral wind flow.
Summary and Conclusion
[21] Using the AMIE procedure, a particular period (2000-2350 UT on 9 November) during the November 2004 storm has been studied, when the IMF B z was strongly northward and the solar wind dynamic pressure was high. The AMIE outputs show strong reversed convection for a long period (>1 h) in both hemispheres. The impact of reversed ionospheric convection on the thermospheric neutral wind has been investigated using the coupled AMIE-TIEGCM. After the ion convection pattern is reversed, the difference neutral wind with respect to the quiet condition at 400 km altitude changed correspondingly and becomes sunward in the polar cap region. The temporal variations of the difference ion convection and difference neutral wind show that following the reversed convection, the difference neutral wind also reversed its orientation. However, there is a time delay in the neutral wind response to the reversed convection. The delay time is also altitude-dependent, and it varies from 45 mins at 400 km to nearly 1.5 h below 200 km in the polar cap region. The vertical component vorticity has a similar magnitude and distribution as previous studies for northward B z condition, and changes its sign when the convection pattern is reversed. The comparison between CHAMP observed cross-track wind and the simulated neutral wind projected to the cross-track direction shows a general agreement, and the temporal variation of CHAMP cross-track wind indicates a clear influence of ion drag force on the neutral winds.
